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I. Introduction
ypersonic inlet is the key component that captures and compresses air for scramjet combustors. To achieve an efficient operation with moderate induced drag, mixed external/internal compression inlets are often employed in scramjet [1] . However, the introduction of internal compression may result in difficulties in inlet self-starting, especially for over-contracted inlet [2] .
The scramjet inlet must work in started state for the engine to operate regularly. As a result, it is very important to develop some methods to prevent the inlet from undergoing unstart [3] [4] [5] [6] . On the other hand, if an inlet undergoes unstart, it should have the ability to restart rapidly and reliably. Therefore, inlet restart is essential for the successful operation of scramjet engines.
It has been known that the supersonic inlet can self-start without any external assist if its internal contraction ratio does not exceed Kantrowitz limit [2] . However, as the internal contraction ratios of most scramjet inlets lie in the dual solution area [7] , the inlets cannot self-start again if they have undergone unstart previously. Consequently, measures should be taken to assist the inlets to restart quickly at any cost.
The issues of supersonic inlet restart have been investigated for several decades [1] [2] . It has been found that the Reynolds number and the geometry parameters especially the internal contraction ratio can affect the restarts of supersonic inlets to a great extend [1] . Therefore, using variable geometries is a viable method for most ramjet/scramjet inlets [8] [9] [10] [11] [12] [13] [14] , however, the weight and complexity can significantly degrade the total performance of scramjet engines and there still exist many challenges [15] .
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On the other hand, it has been found from many experiments that some inlets that cannot restart in continuous wind tunnels have restarted in pulse facilities [16, 17] . Therefore, utilization of the unsteady effects may be a viable approach to circumvent the quasi-steady assumptions of Kantrowitz limit and assist the scramjet inlet to restart [18] [19] .
The unsteadiness can be induced by many methods such as impulsive acceleration or sudden rupture of the diaphragm which refers to the door sealing the entrance of the inlet. In recent years, the latter unsteady starting methods have been explored with Reynolds Averaged Navier-Stokes simulations [8] [9] [10] [11] [12] . However, for the accelerative restarting method, although two-dimensional inviscid simulations have been carried out to verify the efficacy of accelerative unsteadiness on the starting issues of a radius Busemann inlet [18, 19] , viscous simulation about the accelerative restarting process of two-dimensional planar inlet is still scarce, and the effects of acceleration-induced unsteadiness on the hypersonic inlet restarting process still remain unclear.
In addition, the dynamic pressures and Reynolds number of the incoming flow often change with the flight Mach number and altitude in real flight experiments [20] . However, little attention has been paid to the effects of trajectory on the hypersonic inlet accelerative restarting process.
In the present research, a three-dimensional computational fluid dynamic code was developed to solve the Reynolds Averaged Navier-Stokes equations and the transient physics of hypersonic inlets restart assisted by impulsive acceleration were investigated. Moreover, the magnitude of the impulsive acceleration and trajectories on the restarting process were examined for the hypersonic planar inlet.
II. Model and Computational Methods
A. Numerical Methods A three-dimensional computational fluid dynamics code based on muti-block structured grids was utilized to solve the non-dimensionalized conservation Reynolds-averaged Navier-Stokes Equations
SST k-ωturbulence model was adopted [21] . Compressibility corrections were employed for this turbulence model as suggested by Wilcox [22] , where the ratio of the dilatation dissipation to the solenoidal dissipation was modeled as a function of turbulence Mach number. The laminar and turbulent Prandtl number were set at 0.72 and 0.9, respectively.
The inviscid flux vectors in Equation (1) were discreted using HLLE schemes developed by Harten, et al [23] . For example, the inviscid flux vector in i-direction is
In equations (3) to (5), αk and Rk are the average approximate wave strengths and eigenvectors respectively. λk, b R and b L are the eigenvalues, maximum and minimum characteristic speeds at different locations.
In order to improve the accuracy, the MUSCL (Monotone Upstream-Centred Schemes for Conservation Laws)
scheme was utilized to interpolate the primitive variables. For example, density on the left and right of the cell faces in computing the convective flux through the cell faces is calculated as follows [24]     
In Equations (6) and (7), ε is a flag which controls the order or higher order of the reconstruction. If ε equals zero, a first order reconstruction is performed. If ε is 1.0, higher order reconstruction can be obtained. The range of k is between -1 and 1. As ˆ =1 3 k , a third order reconstruction is obtained, which was used in this research.
An implicit dual time stepping algorithm was employed for the unsteady term in equation (1), and second-order temporal accuracy was obtained by utilizing a three-point backward difference in the sub-iteration procedure [25] .
B. Computational Model 1 . Inlet geometry
As the focus of this research is to investigate the effect of acceleration on the restarting process of hypersonic inlet, the impacts of sidewall and aspect ratio were not addressed. A schematic of the two-dimensional mixed-compression inlet is shown Fig. 1 . The turning angles of the external compression ramps are 7° and 8°, respectively. The internal contraction ratio is 1.42, and the curves from point 3 to point 5 and point 7 to point 9 are circular arcs. The coordinate values at different vertexes are listed in Tab. 1. The value of turbulence intensity is 0.001, and the laminar viscosity can be calculated with Sutherland's law. Other turbulent parameters such as specific turbulence dissipation rate can be deduced from turbulence intensity and Mach number.
At the right and top boundary of block-2, supersonic outflow conditions were applied. While for the outflow boundary of block-1, as the scramjet isolator is affected by the back pressure induced by combustion in the combustor, a back pressure boundary condition was generally applied on the exit of the scramjet isolator in a previous study [26] .
On the other hand, to explore the effect of acceleration on the restarting process of hypersonic inlets, the inlet should go into unstart first. Unstart can occur if the free stream Mach number is reduced sufficiently below the starting value, or the back pressure is increased to the point that the shock wave is expelled out of the throat. For the current research, the inlet unstart takes place at a free stream Mach number of 2.0. It is because that the free stream Mach number is below the starting value.
In order to simplify the discussion, we assume that the combustion does not happen in the combustor throughout the accelerative restarting process. As a result, there is no backpressure imposed on the exit of the inlet-isolator.
Consequently, the Riemann invariant boundary conditions referred to as called Inflow/outflow condition in [27] is employed on the exit of the scramjet isolator during the simulation of the inlet accelerative restarting process. The velocity and speed of sound at the boundary are given by
where R + and R -are the Riemann invariants. The density and pressure at the boundary are given by In Equation (14) and (15), N is the index of grid point at the boundary. At the back and front boundaries along z direction, symmetry boundary conditions were used. Non-slip adiabatic wall boundary conditions were employed for all the walls. Table 2 and Fig. 3 , where d is the distance of the first cell to the wall. Fig. 4 gives the turbulent law of wall, which reveals that the computational results agree well with the theoretical results. The experiment of a 24°-compression corner flow carried out by Kuntz et al [28] was for validation. The free stream Mach number, total pressure, total temperature, are 2.94, 483kPa, and 302.15K, respectively. The boundary layer thickness at the corner is 8.27 mm.
The computational grid is 400×101×3, and the two-dimensional computation mesh at mid-plane is shown in Fig.   6 . The distance of the first grid to the wall is 0.001mm. Free stream boundary layer condition was applied on the inflow boundary. Supersonic out flow boundary conditions were used on the top and right boundaries. Non-slip adiabatic wall boundary conditions were employed for all the walls.
The wall pressure distribution obtained from current simulation is displayed in Fig. 7 and compared with experimental data. The pressure is non-dimensionalized with the free stream pressure, and the abscissa is nondimensionalized with the boundary layer thickness at the corner. It can be seen that the two-dimensional computational results give a reasonable agreement with the experimental results. In our previous research, the unstart process for a hypersonic inlet was also carried out, and it demonstrated that the unsteady simulation results accord well with the experimental data [26] .
D. Grid sensitivity Analysis for the Inlet Model
Grid sensitivity analysis was carried out and the parameters for three grids are displayed in Tab Fig. 8 gives the distributions of bottom wall pressure and skin friction coefficient under different grid densities. It indicates that although the grid densities are different, the results are almost the same. Therefore, the medium grid density was employed for the further study. The Mach number contour and streamline near the inlet cowl are presented in Fig. 9 . It shows that the inlet undergoes unstart and the separation bubble is pushed out of the inlet throat. This flow field will be used as the initial field for further computation of the accelerative restarting process. 
The parameter c0 is the acceleration of the flight Mach number. M0 is the initial flight Mach number, at which the inlet underwent unstart, which is set to 2.0 in this study.
In order to explore the effects of trajectory on the accelerative restarting process of hypersonic inlets, two kinds of trajectories were explored. One is constant dynamic pressure trajectory, and the other is a trajectory with altitude constant height. In all the computational cases, the dimensionless time step dt is 0.001. For the case that incoming Mach number is 2.0, the maximum value of Courant number is 25 .
III. Computational Results

A. Characteristics of Accelerative Restarting Process
Flight experiments showed that the value of c0 can reach about 0.2~0.4 s -1 [20, 30] . Hence, the accelerative restarting process of c0 = 1.475 s -1 was studied first. Moreover, the accelerative process was investigated under a constant dynamic pressure trajectory.
As the dynamic pressure does not change for this trajectory, the bottom wall pressure histories are nondimensionalized by the dynamic pressure at the initial state 0 q . Fig. 10 and Fig. 11 show that there is a turning point in the pressure history at t = 2101.69 ms about, after which the wall pressure decreases sharply to a trough value. In order to reveal the transient physics during the accelerative process, the Mach number contours ranging from 0 to 1 at different time instances are presented in Fig. 12 . Figure 12 (a) displays that the flow within the internal compression section is subsonic at the initial stage of the accelerative process. However, with the increase of flight Mach number, local supersonic flow appears and a normal shock wave is generated near the inlet cowl, which is shown in Fig. 12 (b) . After that, the normal shock wave disappears, and a fluidic throat is formed beneath the cowl.
The sonic line moves downstream towards the isolator exit with the increase of flight Mach number, which can be seen in the sequence of Fig. 12 (b) , Fig. 12 (c) and Fig. 12 (d) . At t = 1796.61 ms, part of the flow at the exit reach sonic speed, but the separation bubble will last for a certain period. Fig. 12 (d) and Fig. 12 (e) show that the separation bubble does not vanish until t = 2135.59 ms. The transition from choked flow to supersonic flow is one of the characteristics that hypersonic inlet restarts.
Moreover, Fig. 10 , Fig. 11 and Fig. 12 show that the vanishing of the separation bubble can cause the pressure within the inlet to decrease sharply to a trough value in the restarting process. Therefore, the pressure histories in the inlet can be utilized to judge whether the separation bubble has been eliminated during the accelerative restarting process. Fig. 13 also implies that the skin friction coefficient changes significantly as the separation bubble diminishes at t = 2135.59 ms. The value of the skin friction coefficient at that time is greater than zero, which indicates that the there is no separation bubble on the lower wall and the inlet restarts completely. The restarting processes under other accelerations are similar to the case of c0 = 1.475 s -1 . The separation bubble at the inlet throat vanishes as the wall pressure histories decreases to a trough value. This again confirms that the phenomenon can be utilized to detect whether the separation bubble has vanished.
B. Effects of Impulsive Acceleration
Unsteady simulations of hypersonic inlet restarting processes under different accelerations were carried out. The sequence of Mach number contours shown in Fig. 15 indicates that the separation bubble does not disappear until the flight Mach number is accelerated to 5.25 when c0 equals 14.75 s -1 . However, for c0 equals 147.5 s The dependence of acceleration on the disappearance of separation bubble in the accelerative process is presented in Fig. 17 , where the Y-axis is the flight Mach number when the separation bubble vanishes completely. The result shows that the process that the separation bubble vanishes will be delayed for high accelerations. That is, the larger the acceleration is, the later the separation bubble disappears, and consequently the corresponding flight Mach number when separation bubble vanishes is increased. . That is, with the increase of flight Mach number, the static pressures will reach a turning point indicated on A′, B′, C′, and D′ in the plots, while after the turning points, the static pressures sharply decrease to trough values (A, B, C, and D), at which the separation bubble vanishes, supersonic flow is established and the inlet restarts completely. Fig. 18 shows that the Mach number and the local static pressures at A′, B′, C′, and D′ increase with the acceleration, which implies that the impulsive acceleration-induced unsteadiness can cause the inlet chocked more seriously at higher accelerations.
It can also be observed from Fig. 18 that after the inlet has restarted completely, the pressure history curves under different c0 coincide, which means that although the acceleration c0 affects the restarting process significantly, however, after the inlet restarts, the flow fields in the inlet are not affected by the acceleration. 
H does not change Q does not change
Restart Unstart delayed such that the corresponding Mach number at which the inlet restart increases accordingly compared with the accelerative restart process at lower acceleration. The unsteady computational results also reveal that although the acceleration affects the restarting process significantly, after the inlet restarts, the restart flow in the inlet is not affected by the magnitude of acceleration. The research also displays that the trajectory has great impact on the restart of hypersonic inlet. The constant altitude trajectory has a smaller restart Mach number and smaller hysteresis compared with the constant dynamic pressure trajectory.
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